1. An organism was isolated by enrichment culture that was capable of using thiophen-2-carboxylate as sole source of carbon, energy and sulphur for growth. 2. Analysis of the cellular protein after growth of the organism on thiophen-2-[14C]carboxylate showed that only glutamate, proline and arginine were labelled. All the radioactivity in the glutamate was confined to C-1. 3. In the presence of 2.1 mM-arsenite, suspensions of the organism converted thiophen-2-[PC]carboxylate into 14C-labelled 2-oxoglutarate which had the same specific radioactivity as the starting material. 4. Cell-free extracts of the organism catalysed the release of 14CO2 from thiophen-2-[14C]carboxylate. This activity was largely dependent on the presence of ATP and CoA and was stimulated by NAD+ and Mg2+. Inclusion of hydroxylamine resulted in the appearance of thiophen-2-carbohydroxamic acid, indicating that the ATP and CoA were involved in the formation of the CoA ester of thiophen-2-carboxylate. 5. High-speed centrifuging of cell-free extracts resulted in supernatants with decreased thiophen-2-carboxylate-degrading activity. Activity was restored by the addition of the high-speed pellet or by Methylene Blue. 6. The metabolism of the CoA ester of thiophen-2-carboxylate by cell-free extracts could be linked to the anaerobic reduction of Methylene Blue. 7. The sulphur atom of the thiophen nucleus was converted into sulphate by growing cultures and resting suspensions of the organism. 8. A degradative pathway is proposed involving the hydroxylation (at C-5) of the CoA ester of thiophen-2-carboxylate followed by further metabolism to 2-oxoglutarate and sulphate.
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Although not of widespread occurrence, the thiophen nucleus is found in various situations in Nature. Thus fossil fuels, especially crude oil, have been shown to contain a wide variety of simple and complex thiophens (Challenger, 1959; Thompson et al., 1965; Druschel & Sommers, 1967) and others, of plant and fungal origin, have been described (Stoll et al., 1967; Gianturco et al., 1966; Gronowitz, 1963) .
Recent reports have shown that some thiophen derivatives can be degraded by micro-organisms. Yamada et al. (1968) reported the isolation ofbacteria capable of utilizing dibenzothiophen as sole source of carbon, and further studies by the same workers revealed the nature of some of the metabolites that accumulated during the dissimilation (Kodama et al., 1970) . Kurita et al. (1971) reported the microbial degradation of thiophen itself under anaerobic con- ditions. Attempts to demonstrate the aerobic dissimilation of thiophen have proved unsuccessful (Amphlett, 1968; Cripps, 1971) .
Most information on the microbial degradation of the thiophen nucleus has been obtained from studies with a flavobacterium capable of utilizing thiophen-2-carboxylate as a growth substrate (Amphlett, 1968; Amphlett & Callely, 1969) . It was suggested that the metabolism of this compound proceeded via 2-oxoglutarate with 5-hydroxythiophen-2-carboxylate as Vol. 134 an intermediate. The sulphur atom of the nucleus was released as sulphide, which was not further metabolized. The present paper is also concerned with thiophen-2-carboxylate metabolism by an unidentified organism, designated Organism RI, and provides further insight into the way in which the thiophen nucleus can be degraded.
Experimental
Maintenance and growth of Organism RI Organism RI, obtained by elective culture with thiophen-2-carboxylate as substrate, was maintained on Lab-Lemco slopes and in liquid thiophen-2-carboxylate medium and stored at 4°C. The liquid cultures were used as stock cultures for routine work and were subcultured monthly. The Lab-Lemco cultures were transferred at 6-monthly intervals and at each transfer fresh stock cultures were set up. The organism was grown at 30°C on a medium made by mixing sterile solutions having the following compositions (mM): solution A, KH2PO4, 67; NH4C1, 30; adjusted to pH8.0 with 5M-NaOH; solution B, CaCO3, 0.125; ZnO, 0.031; FeCl3, 0.125; MnCl2, 0.031; CuCl2, 0.006; CoCl2, 0.006; H3BO3, 0.006; HCI, 0.97; MgCl2, 3.125; Na2MoO4, 0.006; solution 12 C, carbon and energy substrate in 67 mM-sodiumpotassium phosphate buffer, pH 8.0. Then solutions A, B and C were mixed (3:1:1, by vol.). The final concentrations of growth substrates in the medium were: thiophen-2-carboxylate, 4mM; furan-2-carboxylate, 4mM; succinate, 10mM. With substrates not containing sulphur, NH4C1 in solution A was replaced by (NH4)2SO4 (15mM). In all media, yeast extract was added to 0.005 % (w/v). Cultures for experimental purposes were inoculated (5 %, v/v) from cultures grown on a similar medium and were incubated with shaking at 30°C for 40h.
Harvesting of cells
Cells were harvested when in the exponential phase of growth by centrifuging (1500Og for 0min at 5°C). Cells were washed twice by resuspending in buffer (one-twentieth of the volume of the original culture) and centrifuging. The cell pellet was finally resuspended in the washing buffer, which was 67mM-sodium-potassium phosphate (usually at pH 8.0) for whole-cell studies (5 x pellet volume), and 50mM-Tris-HCl (usually at pH7.75) for the preparation of cell-free extracts (1 x pellet volume). Bertolacini & Barney (1957) with all amounts decreased tenfold, sulphide by the method of Ellman (1959) , phosphate by the method of Rockstein & Herron (1951) , and protein by the method of Lowry et al. (1951) with bovine plasma albumin (Armour Pharmaceutical Co. Ltd., Eastbourne, U.K.) as standard.
Thiophen-2-carboxylate concentrations in aqueous solutions at pH7-8 were calculated from their observed E245 values by using an e value of 8.6 x 103 litre mol-l cm-, which had been determined experimentally. Concentrations of furan-2-carboxylate in aqueous solutions were also calculated from their observed E245 values by using an e value of 10.8 x 103 litre mol-I cmn I (Trudgill, 1969) . Growth of cultures was measured either by substrate disappearance or by E,70 and growth rates were obtained from these values. Dry weights of bacterial suspensions were determined after drying to constant weight at 105°C.
Spectrophotometry
Absorbance measurements were obtained with Unicam SP. 600 and SP. 800 spectrophotometers (Unicam Instruments Ltd., Cambridge, U.K.). The SP. 800 was also used to record spectra and to follow enzymic reactions at constant wavelength. All measurements were made in cells of 1 cm light-path. I.r. spectra were obtained with a model 137 'Infracord' instrument (Perkin-Elmer Ltd., Beaconsfield, Bucks., U.K.).
Buffers
Phosphate buffers, normally used at a concentration of 67mM, were prepared by adjusting solutions of KH2PO4 in water to the desired pH with SMNaOH. Tris-HCl buffers were prepared by adjusting 0.1 M-Tris to the desired pH with 0.1 M-HCl and diluting to 50mM.
Radioactivity measurements
Liquid-scintillation counting was carried out in a Packard Tri-Carb 3375 liquid-scintillation spectrometer. Non-aqueous samples were counted for radioactivity in a mixture containing 4g of 2,5-diphenyloxazole and 0.5g of 1,4-bis-(5-phenyloxazol-2-yl)-benzene per litre of toluene. Aqueous samples and Millipore filters were counted either in Bray's (1960) scintillator or in a mixture containing 4g of 2,5-bis-(5-t-butylbenzoxazol-2-yl)thiophen per litre of 50% (v/v) (Kemble & MacPherson, 1954 ) followed by elution as described above and chromatography as for glutamate; for arginine, electrophoresis in 0.05M-sodium borate buffer, pH9.2, for 2h at 40V/cm (Gross, 1955) followed by elution and electrophoresis in pyridineacetic acid-water (2:1:97, by vol.), pH 5.2, for 1.5h at 33 V/cm (Leggett Bailey, 1967) . These procedures resulted in the separation of the named amino acids from all other ninhydrin-positive compounds present.
Detection of compounds on chromatograms
Aromatic compounds were detected with a u.v. lamp (Hanovia Ltd., Slough, Bucks., U.K.), hydroxamic acids by FeCl3 [5 % (w/v) 8.3,uCi/mmol) and NaHCO3 (40mM). The growth vessel was a 21itre conical flask fitted with a gasbubbling attachment, a gas outlet and a dropping funnel all connected to the flask by ground-glass joints. The culture was aerated with a stream of C02-free air and metabolically produced CO2 was removed from the exhaust gases by passage through 100ml of 2M-NaOH in a Drechsel bottle filled with glass beads. When adequate growth had occurred, 10ml of conc. HCI was added to the culture vessel and C02-free air passed for a further 1.5h. Cells were centrifuged from the culture and washed once at 4°C with 170ml of 67mM-phosphate buffer, pH8.0. The washings and the culture supernatant were combined (supernatant fraction).
The radioactively labelled cells were fractionated by a modification of the method of Somerville (1965) . (1) The washed cells were suspended in 40ml of aq. 75% (v/v) ethanol, maintained at 50°C for 20min and centrifuged (20000g, 15min) . The supernatant was designated the 'ethanol-soluble fraction'. (2) The pellet from step (1) was suspended in 40ml of 5% (v/v) trichloroacetic acid and maintained at 100°C for 30min. The suspension was centrifuged (20000g, 30min) and the pellet washed with 20ml of water. Supernatant and washings were designated the 'trichloroacetic acid-soluble fraction'. (3) The residue from step (2) was washed with 40ml of 50mM-HCI in ethanol and then with ether, the washings being discarded, and was finally suspended in 8.5ml of water. This suspension was designated the 'protein fraction'. Portions of this fraction were hydrolysed in 6M-HCI at 105°C for 17h in a sealed glass tube. The hydrolysate was filtered and the filtrate evaporated to dryness under decreased pressure at 45°C. The residue was dissolved in water and again evaporated to dryness. This cycle was thrice repeated. The last traces of HCI were removed by NaOH pellets in a vacuum desiccator. The radioactively labelled amino acids were identified and purified as described above.
The specific radioactivities of the labelled amino acids were determined in a separate experiment in which a sample of the 'protein fraction' (2.5m1, 1.1 x 105c.p.m.) was hydrolysed and the whole hydrolysate subjected to electrophoresis on Whatman 3MM paper in pyridine-acetic acid-water (20:1:180, by vol.) for 1 h at 40V/cm (Ryle et al., 1955) to separate proline, arginine and glutamate. The radioactive areas were eluted with water and the eluate volume was made up to Sml. Samples (0.2ml) of each were counted for radioactivity in Bray's (1960) scintillator. The concentrations of the amino acids in the eluates were determined by passing 0.5ml samples through a Technicon automatic amino acid analyser (Technicon Instruments Co. Ltd., Chertsey, Surrey, U.K.) with norleucine as an internal standard and by computing the concentration from the areas (peak height x peak width at half-height) of the peaks produced by the analyser-recorder.
Decarboxylation of [14C] carboxylate, was dissolved in 2ml of a solution containing 120,umol of unlabelled glutamic acid and C-1 was removed as CO2 by the procedure of Hoare (1963) . Evolved 14CO2 was flushed from the reaction flasks with a stream of N2 for 20min and collected in 5ml of 2M-NaOH. This solution was added to 5ml of30mM-BaCl2 along with 30,pmol ofcarrier Na2CO3 and precipitated BaCO3 was collected on a 25mm type HA Millipore filter. The filter was placed in a scintillator vial and counted for radioactivity in IOml of scintillator.
Determination of thiophen-2-carboxylate degradation in cell-free extracts Thiophen-2-carboxylate degradation by cell-free extracts was determined by the release of 14CO2 from thiophen-2-[14C]carboxylate. Assays were performed in double-side-arm Warburg vessels. The basal reaction mixture comprised (,umol): Tris-HCl buffer, pH7.75, 60; ATP, 10; CoA, 0.26; NAD+, 2.5; MgCl2, 10; and 20000g extract (4.5-8.0mg of protein) in a total volume of 1.4ml, and was contained in the main compartment of the flasks. Reaction was initiated by the addition of thiophen-2-[14C]carboxylate (1.52,umol, 19 ,uCi/mmol, in 0.1ml of 67mM-phosphate buffer, pH8.0) from one side arm and the mixture was incubated in a shaking bath at 30°C for 1 h. The reaction was terminated by the addition of 0.2ml of 2M-HCl from the other side arm. Evolved 14CO2 was collected from the reaction flasks and assayed for radioactivity as described above. All determinations were carried out in duplicate.
Enzyme assays
Adenosine triphosphatase activity was determined by the release of Pi from incubation mixtures containing, in 1 ml, 50,umol of Tris-HCl buffer (pH 8.0), 4,umol of ATP and 4mg of 20000g-extract protein.
The reaction was terminated after 1 h at 30°C by the addition of 1 ml of 5% (w/v) HC104. The Pi was determined in 0.2ml samples of the clear supernatant.
NADH oxidase activity was measured at 20°C by the decrease in E340 in incubation mixtures containing, Determination of the metabolism of the CoA ester ofthiophen-2-carboxylate
The metabolism of the CoA ester of thiophen-2-carboxylate was assayed by its stimulation of Methylene Blue reduction. The reaction was carried out in 10mm-light-path silica cuvettes fitted with a side arm and sealed with Subaseal rubber stoppers. The cuvette contained, in 2.8ml, Tris-HCI buffer (130tmol, pH7.75), NAD+ (2.5,mol), MgC12 (10,umol), Methylene Blue (62.5nmol) and extract (0.93mg of protein). Extract was prepared by passing 20000g extract through a column (12.5 cm x 2.5cm) of Sephadex G-25, equilibrated and eluted with 50mM-Tris-HCl buffer, pH7.75; the material eluted with the void volume was collected and used directly. The mixture was gassed with N2 after the addition of 1 ,ul of Silicone MS anti-foam. After the endogenous rate of Methylene Blue reduction had been determined, a solution of the CoA ester (0.2ml, containing approx. l9nmol; also gassed with N2) was added from the side arm to initiate the reaction, which was followed at 665nm. The molar extinction coefficient of Methylene Blue at 665nm was taken to be 4.18 x 104 litremolh I-cm1I.
Conversion of thiophen-2-carboxylate into 2-oxoglutarate under anaerobic conditions
The formation of 2-oxoglutarate from thiophen-2-carboxylate under anaerobic conditions was shown in reaction mixtures containing, in 2.9ml, Tris-HCl buffer pH7.75 (150,tmol), ATP (20,umol), CoA (0.52,tmol), MgCl2 (20/mol), Methylene Blue (1.6,umol), sodium arsenite (6,umol), 20000g extract (7.6mg of protein) which had been treated with Sephadex G-25 as described above, and anti-foam (1l,u). The reaction was carried out in Thunberg tubes and the mixture was gassed with N2 for 5min.
Thiophen-2-[14C]carboxylate (1.1 ,umol, 22,tCi/ mmol, in 0.1ml of Tris-HCl buffer, pH7.75) was added from the stopper of the evacuated Thunberg tube to start the reaction, and the mixture was incubated for 100min at 300C. The reaction was terminated with 3ml of 10% (w/v) HC104 and the 2,4-dinitrophenylhydrazone of 2-oxoglutarate was formed by the addition of jvol. of 0.1 % (w/v) 2,4-dinitrophenylhydrazine in 2M-HCI, extracted into ethyl acetate and separated from residual thiophen-2-carboxylate by chromatography in solvent TL 3.
Preparation of thiophen-2-[14C]carboxylic acid
Thiophen-2-carboxylate labelled with 14C in the carboxyl group was prepared by the reaction of 2-thienyl-lithium with "4CO2. 2-Thienyl-lithium was prepared by the reaction of n-butyl-lithium with thiophen by the method of Benkeser & Currie (1948) 1973 and 15 mmolwascarboxylatedwith 14C02 in a vacuum apparatus as described by Murray & Williams (1958) .
The 14C02 was generated from Ba14CO3 (lOmmol, 436, uCi/mmol) obtained from The Radiochemical Centre, Amersham, Bucks., U.K. The brown residue resulting from this procedure was dissolved in water and decolorized by boiling with charcoal (Norit NK) for 30min. The charcoal was removed by filtration and on cooling thiophen-2-carboxylate crystallized from the filtrate. The mother liquor was acidified and extracted with ether, the ether was evaporated and the residue crystallized from a small volume of water. The two batches of crystals were combined, giving a yield of 645mg (50% with respect to Ba'4C03). Unlabelled thiophen-2-carboxylate (2.5g) was added to the labelled product and the mixture was again treated with charcoal and recrystallized from water. The specific radioactivity of the material was 83,uCi/mmol. It was shown to be radiochemically pure by t.l.c. in various solvents.
Preparation of thiophen-2-carbohydroxamic acid
Thiophen-2-carboxylate (8g) was esterified by refluxing with 35ml of methanol containing 0.9ml of conc. H2SO4 for 3.5h. Excess of methanol was removed by distillation and the residue extracted with ether. The ether was washed with 10% (w/v) NaHCO3 until CO2 evolution ceased and was then washed with water. Methyl thiophen-2-carboxylate was obtained by removing the ether by distillation, after drying with anhydrous Na2SO4. Free hydroxylamine was prepared by dissolving 2.5g of hydroxyammonium chloride and 1.46g of NaOH in 40ml of methanol and the NaCl formed was filtered off. To this solution, 3 ml of methyl thiophen-2-carboxylate was added together with a solution of 1.25g of NaOH in 15ml of methanol and the mixture was left at room temperature for 22h. Conc. HCl (2ml) was added, precipitated NaCl removed by filtration and the filtrate evaporated to dryness at 35°C under reduced pressure. The residue was crystallized from water and recrystallized from toluene [yield 1.4g; m.p. 119°C (literature value, 123-124.5°C; Jones & Hurd, 1921) ].
Preparation ofthe CoA ester ofthiophen-2-carboxylate
CoA was made to react with the N-hydroxysuccinimide ester of thiophen-2-carboxylate, the latter being prepared by the method of Lapidot et al. (1967) by mixing equimolar amounts of N-hydroxysuccinimide, thiophen-2-carboxylate and dicyclohexylcarbodi-imide in ethyl acetate. A solution of CoA (19.5,tmol in 0.8ml of water) containing 30,tmol of sodium thioglycollate was adjusted to pH 8.0 with NaHCO3 and mixed with a solution ofthe N-hydroxysuccinimide ester (60,umol in 1 ml of freshly distilled Vol. 134 tetrahydrofuran). The mixture was stirred at room temperature for 2.5h. Tetrahydrofuran was removed in a stream of N2, the mixture was cooled in ice and the precipitate that formed was filtered off. The filtrate was made up to Sml with 50mM-Tris-HCl buffer, pH7.5, and applied to a column (28 cmx 1.6cm) of DEAE-cellulose (DE-52, Whatman) equilibrated with the same buffer. The column was eluted at 4°C with a linear NaCl gradient, generated from 700ml of the Tris-HCI buffer and 700ml of 0.3M-NaCl in the same buffer, and the eluate was monitored at 254nm with a Uvicord II spectrophotometer (LKB-Produkter AB, Bromma 1, Sweden). The mixture was resolved into 13u.v.-absorbing components and the major peak was identified as the CoA ester of thiophen-2-carboxylate by the following criteria: (a) hydrolysis in 0.1 M-NaOH for 15min at 50°C resulted in the appearance of a thiol group (Ellman's reagent); (b) alkaline hydrolysis [as in (a)] followed by acidification and ether extraction resulted in an aqueous residue which, at pH2 and pH 12, possessed the spectral characteristics of a 9-substituted adenine derivative (Beaven et al., 1955) . The ether extract contained thiophen-2-carboxylate as shown by its t.l.c. properties in solvents TL 1 and TL 2. No further purification was attempted and hence NaCl was present in the preparation at a concentration of approx. 0.2M.The concentration of the CoA ester was determined by measuring the Pi released after digestion of the sample as described by Chen et al. (1956) .
Chemical reagents
Chemical reagents and solvents were of the best available commercial grade and were obtained from either Hopkin and Williams Ltd., London E.C.1, U.K., British Drug Houses Ltd., Poole, Dorset, U.K., or Koch-Light Laboratories Ltd., Colnbrook, Bucks., U.K. CoA, NAD+, NADH, glutamate dehydrogenase and alcohol dehydrogenase were obtained from C.F. Boehringer und Soehne G.m.b.H., Mannheim, Germany; ATP and Methylene Blue were from Sigma (London) Chemical Co. Ltd., Kingstonon-Thames, Surrey, U.K.; thiophen-2-carboxylate, barium chloroanilate and 2-oxoglutarate were from Koch-Light Laboratories Ltd.; furan-2-carboxylate, thiophen-2,5-dicarboxylic acid, 2,4-dinitrophenylhydrazine, silicone MS anti-foam and sodium arsenite were from Hopkin and Williams Ltd.; N-ethyl maleimide was from British Drug Houses Ltd.; thiophen-3-carboxylic acid was from K & K Laboratories Inc., Plainview, N.Y., U.S.A.; and 5,5'-dithiobis-(2-nitrobenzoic acid) was from Ralph N. Emanuel Ltd., Alperton, Middx., U.K. N-Hydroxysuccinimide was a kind gift from Mr. J. P. Kitcher and Dr. P. W. Trudgill (University College of Wales, Aberystwyth, Cards., U.K.). 02-free N2 (The British Oxygen Co. Ltd., Greenwich, London S.E.10, U.K.) was further purified by successive passage through solutions of alkaline pyrogallol and chromous sulphate contained in a bead tower. The latter reagent was prepared by passing a saturated solution of chrome alum in 2M-HCI over zinc wire (Vogel, 1961) . The purified gas was used to obtain anaerobic conditions in enzymic reactions. The ability of washed cell suspensions to oxidize thiophen-2-carboxylate was inducible (Table 1) . Growth of the organism on succinate resulted in a low but detectable oxidative activity with respect to thiophen-2-carboxylate, which was increased 12-fold by growth on this compound. In addition, cells grown on thiophen-2-carboxylate were able to oxidize furan-2-carboxylate at a rate in excess of that shown by succinate-grown cells. However, after growth on furan-2-carboxylate cells showed little ability to oxidize thiophen-2-carboxylate. As well as the growth substrate, cells grown on thiophen-2-carboxylate were able to oxidize thiosulphate and sulphide at rates greatly in excess of those shown by succinate-grown cells. Sulphite was not oxidized at a significant rate (Table 1) .
Results
Inducible activities in Organism RI were also determined after growth in succinate medium supplemented with 0.5mM-thiophen-3-carboxylate, as this latter compound has been reported to act as a nonmetabolizable inducer of thiophen-2-carboxylate oxidation (Amphlett, 1968) . The results showed that thiophen-3-carboxylate was able to induce both thiophen-2-carboxylate-and furan-2-carboxylateoxidizing activities to a similar extent (27 and 34,u1 of 02/h per mg dry wt. respectively). No induction of thiosulphate-oxidizing activity was observed. Thiophen-3-carboxylate appears to be a genuine nonmetabolizable inducer, since its concentration in the growth medium did not decrease during the period of the experiment. In similar studies, in which cultures were incubated for periods up to 10 days, no metabolism of this compound was ever observed.
Thiosulphate-oxidizing activity in cells grown on succinate alone was virtually undetectable. Large quantities ofcells were needed before any stimulation of 02 uptake with thiosulphate could be observed and the rate found was never greater than 1 pl of 02/h per mg dry wt. (Table 1) . A substantial increase in this activity (48,u1 of 02/h per mg dry wt.) was found with cells from cultures grown on succinate to which Na2S (1 mM) was added as the source of sulphur. These cells showed no thiophen-2-carboxylate-or furan-2-carboxylate-oxidizing abilities above the non-induced value.
Growth of the organism on thiophen-2-['4C]carboxylate Growth on 14C-labelled thiophen-2-carboxylate and fractionation of the cells obtained were carried Table 1 . Oxidative activities of Organism Rl after growth on various substrates The oxygen-electrode cell was filled with 67mM-phosphate buffer, pH8.0, equilibrated at 30°C and cell suspension was added. Reactions were started by the addition of substrate. Amounts of cell suspension added were: succinate-grown, 6.8mg; thiophen-2-carboxylate-grown, 3.0mg; furan-2-carboxylate-grown, 2.5mg.
Values of 02 uptake were corrected for the uptake of 02 in the absence of substrate (10-12tl/h per mg dry wt. 
Effect ofarsenite on thiophen-2-carboxylate oxidation
The rate of 02 uptake of thiophen-2-carboxylategrown cells with thiophen-2-carboxylate was decreased by 68 % in the presence of 2.1 mM-arsenite and the amount of 02 consumed per mol of substrate was decreased from 3.8mol to 1.8mol. Under these conditions 2-oxoglutarate accumulated. The 2-oxoglutarate was identified by chromatographic comparison of its 2,4-dinitrophenylhydrazone with authentic 2-oxoglutarate 2,4-dinitrophenylhydrazone, which showed that they had identical RF values in solvents TL 3, TL 4, TL 5, TL 6 and TL 7. In addition, the spectra Vol. 134 Metabolism of thiophen-2-carboxylate by cell-free extracts Cell-free extracts of the thiophen-2-carboxylategrown organism were capable of catalysing the breakdown of thiophen-2-[WC]carboxylic acid with the concomitant evolution of 14CO2. This activity was largely dependent on the presence of ATP and CoA in the incubation mixture and was also stimulated by NAD+ and Mg2+ (Table 3 ). The presence of the relatively high concentration of ATP (6.7mM) in the incubation mixtures was necessary since extracts possessed adenosine triphosphatase activity (5nmol/ min per mg of protein). The extracts also possessed a relatively high NADH oxidase activity (13nmol/ min per mg of protein) which was sufficient to maintain NAD in the oxidized state during thiophen-2-carboxylate degradation. Freshly prepared extracts had a specific activity with respect to thiophen-2-carboxylate degradation of 20-30nmol of "CO2 evolved/h per mg of protein, but approx. 50% of this activity was lost after storage at 4°C for 24h. Overnight dialysis against 50mM-Tris-HCI buffer (pH 7.75) resulted in a further decrease in activity.
Thiophen-2-carboxylate-degrading activity was more than doubled by the addition of Methylene Blue (2,umol) to the reaction mixture. Phenazine methosulphate at the same concentration had little effect on the system, but ferricyanide and 2,6-dichlorophenol-indophenol were inhibitory. This stimulation of activity by Methylene Blue suggested a requirement for an electron-transport system and evidence that this was of a particulate nature was obtained by centrifuging at 140000g for 2h. This resulted in a decrease in the activity of the supernatant fraction (Table 4) , but activity was increased markedly by the addition of Methylene Blue or the 140000g pellet. The high-speed pellet retained thiophen-2-carboxylate-degrading activity, but this was not significantly stimulated by Methylene Blue. This result indicated that the complete thiophen-2-carboxylate-degrading system involves soluble and insoluble fractions. The activity of the 140000g pellet may be due to residual soluble enzymes remaining after the supematant was removed, whereas the remaining activity of the high-speed supernatant is probably due to the centrifuging procedure being insufficient to sediment all the particulate materials.
Further evidence that 2-oxoglutarate was involved in the sequence of biochemical events involved in the degradation of thiophen-2-carboxylate was obtained by including glutamate dehydrogenase in the cell-free system. This reaction also requires NADH but, owing presumably to the high NADH oxidase activity of extracts, incubations in which only glutamate dehydrogenase (0.1 mg) and NADH (1.5,urmol) were added to the reaction mixture resulted in very little decrease in 14CO2 release. Inclusion of an (185) 2780 (455) 258 (44) 1744 (296) 287 (185) 337 (218) 909 (122) NADH-generating system consisting of ethanol (10,umol) and ethanol dehydrogenase (1.5mg), overcame this problem. Ethanol itself was inhibitory to the thiophen-2-carboxylate-degrading system but when glutamate dehydrogenase was also present a further 60% decrease in "CO2 evolution was observed.
The direct conversion of thiophen-2-carboxylate into 2-oxoglutarate by extracts was demonstrated in incubations containing ATP, CoA, MgCl2, Methylene Blue and arsenite (2mM). This reaction was shown to occur under anaerobic conditions (see the Experimental section). The identity of the 2-oxoglutarate was confirmed by co-chromatography of its 2,4-dinitrophenylhydrazone with authentic material in solvents TL 4 and TL 5. These results indicate that 2-oxoglutarate is an intermediate of thiophen-2-carboxylate dissimilation and that its conversion into this keto acid does not involve an oxygenase reaction.
The enzymes that effect thiophen-2-carboxylate Time (h) Fig. 1 . Conversion ofthe sulphur atom ofthiophen-2-carboxylate into sulphate by growing cultures ofOrganism RI Samples (20ml) were taken at intervals from cultures of Organism Rl growing on thiophen-2-carboxylate and the culture turbidity was determined at E570 (A). Cells were removed by centrifuging (20000g, 5min) and thiophen-2-carboxylate was determined in the supernatant (e). Supernatants were extracted twice with 5ml of ether and the aqueous layers were passed through a column (4cm x 0.5cm) of Dowex-50W ion-exchange resin (X8; 50-100 mesh; H+ form). The effluents were re-extracted with ether and the aqueous layers adjusted to pH4.0 with NH3 and analysed for sulphate (o) . Sulphate values are corrected for the amount present at zero time (0.5,umol/ml).
Formation of CoA ester of thiophen-2-carboxylate
The requirements for ATP and CoA in the metabolism of thiophen-2-carboxylate by crude extracts suggested that the formation of a CoA ester might be an essential step during degradation. Attempts to trap such a compound were made by incubating 20000g extract (12.1mg of protein), supplemented with ATP (20,umol) and CoA (0.52,tmol), with thiophen-2-[14C]carboxylate (3.3 , umol, 22, uCi/mmol) in 3 ml of50mM-Tris-HCl buffer (pH 7.75) containing 400,umol of neutralized hydroxylamine hydrochloride. After 3h at 30°C, 2mg of authentic thiophen-2-carbohydroxamic acid was added. The material that was soluble in aq. 66 % (v/v) ethanol was chromatoVol. 134 graphed in solvent TL 1 and the band that was radioactive and reacted with FeCl3 (RF 0.20) was eluted. The radioactivity could not be separated from the authentic hydroxamic acid by subsequent chromatography in solvents TL 3, TL 8, TL 9 and TL 10.
The formation ofthis compound was dependent on the presence of ATP, CoA and 20000g extract. Omission of ATP from the reaction mixture resulted in a barely detectable incorporation of radioactivity into hydroxamate. Slightly more radioactivity was detected when CoA only was omitted, but the amount was much less than in the control containing both ATP and CoA.
Metabolism ofthe CoA ester ofthiophen-2-carboxylate
Under anaerobic conditions, the metabolism of the CoA ester of thiophen-2-carboxylate by 20000g extracts could be linked to Methylene Blue reduction. Endogenous Methylene Blue-reducing activity of the crude extracts obscured this process, but this was decreased by treatment of the extracts with Sephadex G-25. The rate of Methylene Blue reduction elicited by the CoA ester (2.79nmol/min per mg of protein) was not dependent on the presence of NAD+ in the reaction mixture, but omission of Mg2+ resulted in a decrease in activity to 1.74nmol/min per mg of protein.
Formation ofsulphate from thiophen-2-carboxylate Sulphate, identified by the i.r. spectrum of its barium salt, accumulated in cultures of Organism Rl growing on thiophen-2-carboxylate, and the appearance of sulphate closely followed the disappearance of substrate (Fig. 1) . A 90% conversion of the sulphur in the substrate molecule into sulphate was obtained with growing cultures, and resting cell suspensions effected a quantitative conversion.
Formation of sulphide from thiophen-2-carboxylate
The previous result showed that sulphate was the terminal sulphur-containing compound of thiophen-2-carboxylate metabolism by Organism RI. However, cells actively metabolizing thiophen-2-carboxylate during growth or in resting suspension emitted the characteristic odour of H2S. This identification was confirmed in an experiment in which air was continually passed through a suspension of thiophen-2-carboxylate-grown cells (80mg dry wt.) in 30ml of 67mm-phosphate buffer, pH 8.0, containing thiophen-2-carboxylate (50,umol) and chloramphenicol (3 mg).
The exhaust gas was passed through a solution of N-ethylmaleimide (10mM in 67mM-phosphate buffer, pH7.2). Chromatography of samples of this solution in solvents TL 1, TL 8, TL 10 and TL 11 revealed the presence of a N-ethylmaleimide derivative with a mobility identical with that of the authentic H2S derivative. H2S was identified by this method in the head-space gases above cells metabolizing thiophen-2-carboxylate after growth not only on this substrate but also on succinate and succinate+thiophen-3-carboxylate (100DUM). Control incubations lacking substrate did not release H2S. Time of incubation (min) Fig. 3 . Sulphide formation from thiophen-2-carboxylate in cell suspensions of Organism RI grown on thiophen-2-carboxylate, incubated in the presence of 5,5'-dithiobis-(2-nitrobenzoic acid) Sulphide formation (o) was followed in a reaction mixture containing 5 ,umol ofthiophen-2-carboxylate, 5,umol of 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman's reagent) and 8mg of thiophen-2-carboxylategrown washed cells in 25ml of 67mM-phosphate buffer (pH8.0). Endogenous sulphide formation (O) was followed in a similar reaction mixture lacking substrate. Thiophen-2-carboxylate disappearance (e) was followed in a parallel incubation from which the Ellman's reagent was omitted. Samples (3 ml) were removed from the three incubations at intervals and centrifuged (20000g, 5min). Sulphide concentration was determined from measurements of E412 Of the supernatants which were compared with a standard solution prepared with known amounts of sulphide.
Only approx. 10 % of the H2S (pKa 7.04) produced by the system will be present in the undissociated form at pH 8.0. Hence determinations of the amounts of H2S appearing in the gaseous phase will not give an accurate measure of the total amount being produced. Sulphide was therefore determined in samples of the aqueous suspensions of cells metabolizing thiophen-2-carboxylate. Typical results are shown in Fig. 2 for cells grown on succinate, succinate+thiophen-3-carboxylate and thiophen-2-carboxylate. Sulphide was not detected at any time during the metabolism of thiophen-2-carboxylate-grown cells (Fig. 2c) even though H2S had been identified in the gaseous phase above similar incubations. Succinate-grown cells (Fig. 2a) presence of thiophen-3-carboxylate (Fig. 2b ) except that the rates of substrate degradation (1.93,umol/ min per mg dry wt.) and sulphide accumulation and subsequent disappearance were much greater. The presence ofchloramphenicol (0.1 mg/ml) did not alter this behaviour substantially. Substrate-free control incubations showed no sulphide accumulation. The non-zero sulphide concentrations found at the earliest sampling time are presumably due to metabolic activity during the centrifuging of the samples.
The discrepancy between the identification of H2S in the gaseous phase above thiophen-2-carboxylategrown cells during thiophen-2-carboxylate metabolism and the non-appearance of sulphide in the liquid medium was examined further. Reaction mixtures were set up containing Ellman's (1959) reagent [5,5'-dithiobis-(2-nitrobenzoic acid) ], so that any sulphide formed would be immediately trapped. Since the presence ofEllman's reagent interfered with thiophen-2-carboxylate determinations the rate of substrate disappearance in this system was determined in parallel incubations lacking the reagent since it had been shown that concentrations of this reagent up to 1 mm had little effect on the rate of oxidation of thiophen-2-carboxylate. The results (Fig. 3) showed that a thiol compound, presumably sulphide, appears in the incubation medium as thiophen-2-carboxylate is degraded although stoicheiometric amounts are not trapped by this procedure. Control incubations lacking substrate showed only low sulphide accumulation.
Discussion
The results presented allow a scheme to be proposed for the route of thiophen-2-carboxylate degradation. This is shown in Scheme 1. Several distinct pieces of evidence show that thiophen-2-carboxylate is converted into 2-oxoglutarate. Thus, this keto acid was shown to accumulate in arsenite-inhibited resting cell suspensions, and studies with radioactively labelled thiophen-2-carboxylate showed that the 2-oxoglutarate had the same specific radioactivity as the substrate, indicating that it was formed directly from thiophen-2-carboxylate. Scheme 1. Proposed route of thiophen-2-carboxylic acid degradation by organism RI acid would be expected to become labelled if the 14C atom of thiophen-2-carboxylate (the carboxyl carbon atom) became C-i of 2-oxoglutarate, as this atom would be lost as CO2 by the 2-oxoglutarate dehydrogenase reaction. Evidence that this was the case was obtained by partial degradation of the glutamate when all the radioactivity was found in C-1 of this molecule. Thus the carboxyl group of thiophen-2-carboxylate becomes C-1 of glutamate and this implies that this carbon atom becomes C-1 of 2-oxoglutarate.
The method of assay of thiophen-2-carboxylate breakdown by cell-free extracts was based on the assumption that 2-oxoglutarate was formed and the C-1 atom was released as CO2 by the 2-oxoglutarate dehydrogenase reaction. This assumption was supported by the fact that the process was inhibited by arsenite and under these conditions 2-oxoglutarate accumulated. In addition the inclusion of glutamate dehydrogenase in the assay system resulted in a decrease in the rate of CO2 evolution, indicating that the CO2 arises from 2-oxoglutarate.
The intermediate steps leading to 2-oxoglutarate formation are not clearly understood. The first step, the formation of a CoA ester, was deduced from the observation that CoA and ATP were stimulatory to the evolution of CO2 from thiophen-2-carboxylate by cell-free extracts. Incubations which included hydroxylamine resulted in the formation of the hydroxamic acid derivative ofthiophen-2-carboxylate and this reaction was dependent on the presence of ATP, CoA and cell-free extract. Hence all the requirements for the formation and detection of a CoA ester are satisfied in this system and it can be concluded that this reaction is the first step in the sequence. Confirmation of this was obtained from the observation that synthetic thiophen-2-carboxylate CoA ester was metabolized by extracts of the organism.
None of the subsequent steps shown in Scheme 1 have been fully characterized. The stimulation of CO2 release by Methylene Blue with 20000g extract and the reduction of this dye by thiophen-2-carboxylate CoA ester show that a system of electron transport to oxygen is required and that the rate of thiophen-2-carboxylate degradation in the absence of Methylene Blue is limited by the rate of electron transport. The natural electron-transport system was shown to be particulate, since 140000g supernatant was virtually devoid of thiophen-2-carboxylate-metabolizing activity. Activity was increased by the addition of 1400OOg pellet or of Methylene Blue. Hence the system must be considered to consist of soluble and insoluble fractions, the soluble fraction catalysing the conversion of thiophen-2-carboxylate into 2-oxoglutarate and the particulate fraction acting as a transport system for the electrons produced during the conversion. The optimum ratio of soluble to particulate fractions is not attained in the 20000g extract, since activity is stimulated by the addition of Methylene Blue.
The generation of electrons during thiophen-2-carboxylate metabolism and the fact that the conversion of this compound into 2-oxoglutarate can occur under anaerobic conditions suggests the participation of a hydroxylating step in which the oxygen atom is derived from water rather than molecular 02. Similar hydroxylating systems of microbial origin have been described for nicotinic acid (Hunt et al., 1958) , picolinic acid (Dagley & Johnson, 1963) and furan-2-carboxylate (Trudgill, 1969 Amphlett (1968) indicates the possibility that CoA is released immediately after the hydroxylation reaction, since extracts of his organism were capable of effecting the conversion of 5-hydroxythiophen-2-carboxylate into 2-oxoglutarate. However, Amphlett (1968) did not implicate CoA in the degradation of thiophen-2-carboxylate and the reactions occurring in his system may be different from those occurring in Organism RI.
The end product of the metabolism of the sulphur atom of thiophen-2-carboxylate by Organism RI is sulphate. In this respect it differs markedly from the flavobacterium used by Amphlett (1968) , which released the sulphur atom as sulphide. Sulphide would appear to be an intermediate of thiophen-2-carboxylate degradation by Organism RI, since it was oxidized by cells grown on thiophen-2-carboxylate and was produced during the metabolism of this compound. The amounts of sulphide formed in cell suspensions, however, were dependent on the growth substrate of the cells and when grown on thiophen-2-carboxylate little sulphide accumulated and sulphate was formed. When cells were grown on succinate or succinate + thiophen-3-carboxylate more sulphide was produced, the rate of appearance of this compound being equal to the rate of disappearance of the substrate during the initial stages of the reaction. The interpretation of this result is that succinate alone or succinate+thiophen-3-carboxylate does not induce the enzymes necessary for the transformations of inorganic sulphur compounds. Hence cells grown under these conditions should convert all the sulphur of thiophen-2-carboxylate into sulphide. This condition is virtually fulfilled during the initial stages of the reaction. The maxima in sulphide concentration observed in the latter stages of this reaction are probably not due to induced synthesis of enzymes capable of the metabolism of sulphide, since a similar Vol. 134 maximum is obtained when chloramphenicol is included, and this behaviour is probably explained by the spontaneous oxidation ofthe compound. When the cells are grown on thiophen-2-carboxylate the ability to oxidize sulphide is induced and its accumulation is decreased. Oxidation of sulphide is shown in Scheme 1 to proceed to sulphate via thiosulphate. The inclusion of this compound is based solely on the observation that the ability to oxidize this compound is associated with cells grown on thiophen-2-carboxylate or on succinate+sulphide, whereas this activity was virtually lacking from cells grown on all other substrates tested. This is strongly suggestive of thiosulphate being an intermediate of the pathway, but is not conclusive evidence.
In all particular aspects the transformations of the carbon skeleton of thiophen-2-carboxylate shown in Scheme 1 resemble those proposed by Trudgill (1969) for furan-2-carboxylate metabolism by Pseudomonas F2. Since Organism Rl is also capable of utilizing furan-2-carboxylate as a carbon substrate for growth, it is probable that a sequence ofenzyme reactions very similar to those shown by Trudgill (1969) operates in this organism also. It is possible that some analogous steps of the transformations of thiophen-2-carboxylate and furan-2-carboxylate are catalysed by the same enzymes, but specific enzymes are involved as is shown by the inductive responses under different growth conditions. Thus growth on thiophen-2-carboxylate resulted in cells able to oxidize both heterocyclic acids whereas growth on furan-2-carboxylate resulted in only the ability to oxidize the growth substrate. In addition, thiophen-3-carboxylate induced the capacity to oxidize both substrates. Specific permeases may play some role, but enzymes specific for furan-2-carboxylate breakdown only are induced by growth on this compound, since extracts from these cells are unable to catalyse the release of CO2 from thiophen-2-carboxylate. It must be concluded that the thiophen carboxylic acids induce the synthesis of enzymes of the degradative pathways of both substrates whereas furan-2-carboxylate only induces the enzymes that catalyse its own dissimilation. Hence each pathway is under separate control.
A third set ofenzymes which are under independent control are also involved, namely those required for the transformations ofinorganic sulphur compounds. In the present work this activity was equated with the ability of cells to oxidize thiosulphate. It was induced by thiophen-2-carboxylate but not by thiophen-3-carboxylate. The actual inducer is most probably an inorganic sulphur compound since growth in the presence of sulphide resulted in the appearance of this activity.
I thank Professor J. W. Cornforth and Dr. H. J.
Somerville for their stimulating criticism.
